Chronic inflammation of the intestine is detrimental to mammals. Similarly, constant activation of the immune response in the gut by the endogenous flora is suspected to be harmful to Drosophila. Therefore, the innate immune response in the gut of Drosophila melanogaster is tightly balanced to simultaneously prevent infections by pathogenic microorganisms and tolerate the endogenous flora. Here we describe the role of the big bang (bbg) gene, encoding multiple membrane-associated PDZ (PSD-95, Discs-large, ZO-1) domain-containing protein isoforms, in the modulation of the gut immune response. We show that in the adult Drosophila midgut, BBG is present at the level of the septate junctions, on the apical side of the enterocytes. In the absence of BBG, these junctions become loose, enabling the intestinal flora to trigger a constitutive activation of the anterior midgut immune response. This chronic epithelial inflammation leads to a reduced lifespan of bbg mutant flies. Clearing the commensal flora by antibiotics prevents the abnormal activation of the gut immune response and restores a normal lifespan. We now provide genetic evidence that Drosophila septate junctions are part of the gut immune barrier, a function that is evolutionarily conserved in mammals. Collectively, our data suggest that septate junctions are required to maintain the subtle balance between immune tolerance and immune response in the Drosophila gut, which represents a powerful model to study inflammatory bowel diseases.
epithelial immunity | gut homeostasis I n contact with many types of microorganisms, metazoans have developed strategies to defend themselves against pathogenic threats, but have also taken advantage of these microorganisms to achieve complex biological processes such as digestion, implying a selective immune tolerance to the intestinal flora (1).
In the wild, the fruit fly Drosophila melanogaster thrives on rotten fruits, a diet that is rich in various microbes, including entomopathogenic bacteria, and that requires a powerful epithelial immune response to prevent oral infections (2, 3) . In the gut of Drosophila, the immune response mainly relies on the local production of microbicidal reactive oxygen species (ROS) (4) and release of antimicrobial peptides (AMPs) (for review see ref. 5 ). ROS synthesis is proposed to be triggered by yet to be identified pathogen-associated molecular patterns (PAMPs) (6) . In contrast, the secretion of AMPs depends on the direct recognition of microbial meso-diaminopymelic acid type peptidoglycan (DAP-type PGN) of Gram-negative [Gram (−) bacteria] (reviewed in ref. 5 ). This is sensed by the transmembrane peptidoglycan recognition protein LC (PGRP-LC) receptors, which trigger the immune deficiency (IMD) pathway that culminates in the nuclear translocation of the NF-κB transcription factor Relish. In the nucleus, Relish activates the transcription of its target genes, including the AMP coding genes, that will participate in the clearance of bacteria (reviewed in ref. 7) .
Aside from being activated by invasive bacteria, the IMD pathway is also triggered by endogenous commensal bacteria naturally present in the gut lumen. Constant activation of the Drosophila gut innate immune response is likely to be detrimental to the flies as in the case of chronic inflammation in mammals. Accordingly, the innate immune response is tightly regulated in the Drosophila gut to maintain gut homeostasis, simultaneously preventing infections by pathogenic microorganisms and allowing tolerance to the endogenous flora. Recent studies have demonstrated that the IMD pathway can be modulated in the gut either by (i) a PGRP-LC interacting inhibitor of Imd signaling (PIMS) (8) (9) (10) , (ii) peptidoglycan amidases responsible for PAMP degradation [peptidoglycan recognition protein LB (PGRP-LB) and PGRP-SC1/2] (11-13), and (iii) the transcriptional regulator Caudal that specifically represses transcription of Relish-dependent AMP coding genes (14) . Collectively, these mechanisms account for both the tolerance toward the endogenous flora and for the resolution of the immune response.
In Drosophila, the gut immune barrier is based on the peritrophic matrix, a chitinous multilayered structure that isolates the bolus from the gut epithelial cells (15) , and on the inducible local response described above. When bacteria escape this barrier and enter the body cavity, flies rely on a powerful systemic immune response involving the massive release of AMPs by the fat body (an equivalent of the mammalian liver) for their defense. In the fat body, the expression of AMPs is under the control of two pathways, namely the IMD pathway, triggered by Gram (−) bacteria as in the gut, and the Toll pathway, activated in response to fungi and Gram-positive bacteria [Gram (+) bacteria] (reviewed in ref. 5) .
To identify genes specifically involved in the molecular mechanism underlying the gut immune barrier function, we undertook a pilot genetic screen. This screen identified big-bang (bbg; CG42230) that encodes multiple-PSD-95, Discs-large, ZO-1 (PDZ) domain-containing protein isoforms associated with the membrane and expressed in various epithelia during larval stages (16) . We demonstrate here that bbg null mutant flies display a reduced lifespan and a chronic inflammation of the anterior midgut epithelium. Removing the endogenous gut flora by antibiotic treatment rescues both phenotypes. We further establish that BBG is localized in the gut epithelial septate junctions and that these junctions are disorganized in the absence of BBG, which may account for the sensitivity of bbg mutant flies to oral infection. Collectively, our data suggest that BBG and gut septate junctions are required for maintaining a tight balance between immune response and immune tolerance in the gut.
Results

BBG Promotes Immune Tolerance in the Gut and Is Required for
Normal Lifespan. To analyze the immune response of flies mutant for bbg, we took advantage of a null mutant allele of the bbg gene (bbg B211 ) (16) . We noted that on regular cornmeal medium, the LT 50 (time for half of the fly population to die) of control wild-type flies w A5001 (WT) flies was 70 d, whereas that of bbg B211/B211 flies was reduced by ∼40 d (Fig. 1A) , demonstrating that BBG was required for the normal lifespan of Drosophila. Because constitutive activation of the Drosophila immune response is known to reduce lifespan (9, 14, 17) the reduction in LT 50 noted above could reflect a stronger constitutive immune response. Analysis of the IMD pathway diptericin-LacZ reporter staining indeed revealed a much higher constitutive activation of the pathway in the anterior midgut of bbg B211/B211 flies than in WT flies (Fig. 1B) . This constitutive activation of the IMD pathway increases and extends posteriorly during aging in both WT and bbg B211/B211 flies (Fig. 1B ) (18) , although with much faster kinetics in bbg B211/B211 flies (Fig. 1B) . To determine if the enhanced mortality and IMD pathway activation were of microbial origin, we ablated the endogenous gut flora in WT and bbg B211/B211 mutant flies by feeding them with a mixture of antibiotics (19) . First, we ascertained that these antibiotics did not interfere with IMD pathway activation by monitoring the transcription of the diptericin gene in S2 cells upon stimulation with heat-killed Escherichia coli in the presence of the antibiotics (Fig. S1 ). As previously reported (19) , A minimum of 15 guts per condition were analyzed. *P value < 0.05; **P value < 0.01; ***P value < 0.001.
the antibiotic treatment was not toxic to flies, but we observed a slightly diminished lifespan in WT flies upon treatment (Fig.  1C) . The diptericin-LacZ reporter activity was strongly reduced in the anterior midgut of germ-free-like (GFL) WT and bbg B211/B211 flies (Fig. 1D) . Importantly, the lifespan of GFL bbg B211/B211 flies (LT 50 : 53 d) was extended, nearly matching that of GFL WT flies (LT 50 : 62 d) (Fig. 1C) , indicating that the absence of BBG results in high susceptibility of the flies to their endogenous gut flora.
High activation of the IMD pathway in the gut has recently been linked to impaired lifespan and increased proliferative activities in Drosophila intestinal stem cells (11, 20) . We stained bbg B211/B211 mutant and WT fly guts with an antiphosphohistone H3 (anti-PH3) antibody that marks dividing stem cells. A low number of PH3-positive cells was detected in the midgut of WT flies, whereas the number of mitotic cells was markedly increased in the gut of bbg B211/B211 mutant flies, indicative of a high epithelium renewal that increased with aging (Fig. 1E) . Strikingly, addition of antibiotics in the feeding medium fully suppressed the higher mitotic count observed in bbg B211/B211 mutant fly guts (Fig. 1E) .
Collectively, these data demonstrate that the absence of BBG results in a strong activation of the IMD pathway in the anterior midgut and an abnormally high proliferation rate of gut stem cells in response to endogenous microbiota. This leads to the shortening of lifespan in bbg B211/B211 mutant flies and indicates that BBG is required for immune tolerance toward the endogenous gut flora.
bbg Gene Is Expressed in the Midgut. We used an antibody raised against the C-terminal part of the protein, recognizing all BBG isoforms and detecting the protein in the embryonic gut primordium (16) to ascertain the distribution of BBG in adult flies. We detected BBG only in the digestive tract, including the proventriculus [a pear-shaped structure formed by the folding of the esophagus and anterior midgut epithelia and secreting the peritrophic membrane (21)] (Fig. 2 A, C, D, E, H, I, and L). In the gut epithelium, BBG was present at the apical side of the cells (Fig. 2 A, C, and D) and was excluded from the distribution domain of Adducin ( Fig. 2 B and C) , a marker of the basolateral side in midgut epithelial cells. BBG displayed the classical subcellular distribution of proteins involved in cellular junctions. The protein was clearly visible on histological sections along the lateral surface of contact between enterocytes (Fig. 2D, arrow) and as an apical ring around epithelial cells (Fig. 2 E-H) . As in other invertebrates, the Drosophila paracellular epithelial midgut barrier is mediated by lateral membrane structures, the septate junctions (SJs) named smooth SJs (SSJs) in the case of endodermal derivatives (22, 23) . BBG colocalized with Coracle, which belongs to the 4.1 superfamily of plasma membrane-associated cytoplasmic proteins known to participate in SJs (24) (25) (26) at the lateral side of enterocytes in the proventriculus and the midgut (Fig. 2 E-L) . The lack of BBG in SSJs did not impair the enterocyte apicobasal polarity, as assessed by the normal distribution of both Coracle and Adducin in bbg B211/B211 mutant flies (Fig. S2) . Q-PCR analysis on whole gut showed that four isoforms (bbg-RF, -RG, -RH, and -RJ, as referred by www.flybase.org) were strongly expressed whereas bbg-RC, -RI, and -RE expression were barely detectable (Fig. S3) . Lacking a transmembrane domain (16) , BBG is a PDZ-domain cytoplasmic protein, which is associated with the membrane both at the apical and the lateral sides of the digestive tract epithelial cells, where its distribution matches that of septate junctions.
BBG Strengthens Septate Junctions and Restrains Invasive Entomopath-
ogenic Bacteria to the Gut Lumen. Transmission electronic microscopy (TEM) observation of WT Drosophila midgut sections showed that the 20-nm paracellular space at the level of the SSJs was decorated with an electronic dense structure (Fig. 3A) , whereas the SSJs in the midgut of bbg B211/B211 mutant flies did not present this electronic dense structure and showed a gap of 30 nm between the two plasma membranes (Fig. 3A) . Coracle is a central protein of SJs (23, 25) and most of the Drosophila coracle mutant alleles are either embryonic or larval homozygous lethal (25) . We knocked down coracle in adults by driving an RNAi transgenic construct targeting coracle in the midgut. The efficiency of the knockdown was monitored by immunodetection of Coracle (Fig. 4A) . The SSJs lacking Coracle displayed an enlargement of the space between the plasma membrane similar to that observed in bbg B211/B211 mutant flies (e.g., 30 nm; Fig.  4B ), demonstrating that absence of either Coracle or BBG resulted in a slackening of SSJs. By feeding WT and bbg B211/B211 mutant flies with Dextran Blue, an inert dye, we could not detect any difference in the gut permeability to large molecules, indicating that the slackening of SSJs observed in the gut of bbg B211/B211 mutant flies did not change its permeability toward large-sized inert compounds (Fig. S4) .
However, bbg B211/B211 mutant flies died faster than WT or IMD pathway-deficient flies (kenny C02831 ) (27) after an oral infection with bacteria able to cross the intestinal barrier, such as Serratia marcescens DB11 or Pseudomonas aeruginosa PA14 (27, 28) (Fig. 3  B and C) . The same results were obtained when we used several allelic or hemizygous combinations of bbg mutations (Fig. 3B) . Importantly, the excision of the P-element inserted in the bbg gene restored a WT phenotype to the flies, demonstrating that the impaired survival was indeed due to the disruption of bbg (Fig. 3B) . P. aeruginosa PA14 is known to kill Drosophila by crossing the gut epithelium and escaping the phagocytic activity of hemocytes (27) . Accordingly, inactivating hemocyte phagocytosis by microinjecting latex beads before oral challenge led to a much faster death rate for both WT and mutant flies (Fig. 3C) , with bbg B211/B211 mutant flies still more susceptible to the bacteria than WT flies. This sensitivity toward P. aeruginosa PA14 upon impaired phagocytosis correlated with the increased bacterial load that we observed in the hemolymph of bbg B211/B211 mutant flies compared with WT flies 24 h after an oral challenge (Fig. 3D) . Importantly, silencing coracle in the midgut recapitulated the survival phenotypes that we observed in bbg B211/B211 mutant flies following oral infection by Gram (−) bacteria (Fig. 4C) . Taken together, these data showed that BBG and Coracle were required in the Drosophila gut against oral infection, demonstrating the overall role of septate junction integrity as part of epithelial defense mechanisms.
Another defense mechanism of the Drosophila gut against oral infections is provided by the local synthesis of AMPs such as Diptericin through the activation of the IMD pathway. When fed on S. marcescens DB11 or P. aeruginosa PA14, which are known to trigger a potent AMP response (27, 28) , the diptericin expression levels measured by Q-RT PCR in the gut of bbg B211/B211 and WT flies were not different, indicating that absence of BBG did not impair inducible AMPs synthesis in the gut epithelium (Fig. S5) . Additionally, when conventionally challenged by septic injury using Gram (−) or Gram (+) bacteria, WT and bbg B211/B211 mutant flies exhibited no differences in the fat-body-dependent transcription of AMPs or ability to survive Agrobacterium tumefaciens or Enterococcus faecalis infections (Fig. S5) . This indicates that BBG is not required for the humoral response against bacteria.
In conclusion, the absence of BBG results in a defect of the SSJs that weakens the gut epithelial barrier and leads to an increased permeability of the gut to invasive entomopathogenic bacteria such as P. aeruginosa PA14.
Discussion
In the fly gut, the host defense relies on active defense mechanisms, such as the well-documented inducible synthesis of AMPs and ROS upon pathogen challenge, and on passive structural barriers, an issue not addressed experimentally until recently. The peritrophic matrix, a chitinous multilayered structure that isolates the bolus from the gut epithelial cells represents one of these barriers and was shown to specifically shield the Drosophila gut against pore-forming toxins secreted by bacteria (15) . The function of the peritrophic matrix can be compared with that of the mammalian gut mucus layer, which regulates the spatial relationships between microbiota and host (29) . In Drosophila, septate junctions are functionally related to mammalian tight junctions and are known to participate in epithelial barrier function (23) . To our knowledge, no genetic evidence supports a role for gut junctions in the immune barrier in insects. Here we show that BBG is an integral gut protein localized at the apical and lateral sides of gut epithelial cells, and required for the integrity of septate junctions. Disorganized septate junctions result in acute susceptibility to invasive enteric pathogens such as P. aeruginosa or S. marcescens, highlighting the role for septate junctions in host defense. Septate junctions are not conserved in mammals, but it is tempting to speculate that the PDZ proteins [such as Zonula Occludens-1 (ZO-1)] associated with the mammalian tight junctions, and the PDZ-domain protein BBG described here, share similar immune barrier functions.
We demonstrate here that BBG and septate junction cohesion are required to dampen the continuous activation of the IMD pathway by the endogenous flora in the anterior midgut. The constitutive strong activation of the IMD pathway when gut integrity is lost, is reminiscent of the chronic inflammation observed in mammalian inflammatory bowel diseases (IBDs). There are two main clinical forms of IBDs, Crohn disease (CD) affecting any part of the intestine, and ulcerative colitis, which is restricted to the colon (30) . The etiology of IBDs is not fully understood but it seems that CD arises from a combination of different factors, such as environment, genetic susceptibility, microbial flora, and altered immune responses (31) . However, the chronic inflammatory response observed in CD is mainly thought to originate from a breach of the intestinal mucosal barrier that exposes lamina propria immune cells to the continuous presence of resident luminal bacteria, bacterial products, or dietary antigens (32) . Consistent with a bacteria-linked mechanism for IBDs, treatment with antibiotics (e.g., rifamycin, as in our case) can induce a remission in mammalian models of CD and even prevent relapse (33) . Similarly, we could rescue the chronic inflammation observed in the gut of bbg B211/B211 mutant flies and restore their lifespan to WT levels by depleting the gut flora using antibiotic treatment. The vertebrate gut flora, defined as an "organ within an organ" (34) is known to be critically required for host homeostasis. In Drosophila, the role of the endogenous flora in fly fitness and longevity is still controversial (18, 35) . In our hands, WT flies fed on antibiotic-containing medium displayed a slightly shortened lifespan compared with WT flies fed on regular medium, arguing in favor of a beneficial role for the endogenous flora toward longevity in insects.
Additionally, in mammalian models of CD, the space between epithelial cells shows increased permeability due to the malfunction of tight junctions, which are essential for sealing this paracellular space (36) . The defect in tight junctions appears before the first signs of inflammation, even in the absence of endogenous flora (37) . Similarly, the paracellular space enlargement observed in the SSJs of bbg B211/B211 mutant flies is present before the onset of the chronic IMD pathway activation in the gut epithelium.
The mechanism by which disrupted septate junctions lead to a constitutive IMD pathway activation in response to the endogenous flora remains unclear. The Toll-like receptors (TLRs) are a family of evolutionary conserved receptors able to activate the innate immune response upon recognition of microbial patterns (for review see ref. 38) . In mouse, the bacterial flagellin sensor TLR5, located at the basal surface of the enterocytes, cannot detect flagellin originating from the apically located gut luminal flora (39). However, TLR5 triggers a potent inflammatory response against invasive bacteria (such as Salmonella) able to reach the basal side of the enterocytes (39) . Moreover, any breach of the gut mucosal barrier results in basal exposure to TLR5 of flagellin from the endogenous flora, which leads to TLR5 activation and subsequent chronic gut inflammation (40) . Similarly, we could speculate that enhanced paracellular space in bbg B211/B211 mutant flies would facilitate the access of endogenous flora-derived bacterial PAMPs to the laterobasal side of the Drosophila gut enterocytes, thus facilitating access to the PGRP-LC immune receptors.
The BBG protein is uniformly distributed along the gut, but bbg B211/B211 mutant flies display constitutive IMD pathway activation only in the anterior midgut. Other control mechanisms of the IMD pathway may explain this restriction. Caudal, a transcriptional repressor acting directly on AMP promoters has been shown to participate specifically in posterior midgut immune tolerance (14) . Genetic ablation of PGRP-LB, an amidase that negatively regulates the IMD pathway, results in endogenous flora-dependent AMP expression only in the middle and posterior midgut (11) . Moreover, a null mutation in PIMS, an inhibitor that sequesters the PGRP-LC receptors upstream of the IMD pathway, does not affect the pathway in the middle part of the gut. This regional distribution of functionally different and overlapping inhibitors of the IMD pathway further highlights the necessity to keep the endogenous flora under tight control to avoid chronic immune stimulation.
The endogenous flora and the balance between gut immune and metabolic functions establish a tripartite relationship, which is critical for fly fitness. As stated by Maloy and Powrie, "deciphering how the immune response in the gut impacts the composition of the flora, how members of this flora interact within different regions in the gut and how we could stably shape the gut microbiota will be key issues if we want to understand and cure IBDs" (30) . Given the similarities in both etiology and symptoms between mammalian IBDs and bbg B211/B211 mutation-dependent chronic immune stimulation of the gut, we propose the impaired gut permeability mutants of Drosophila as simple and powerful models to study the mechanisms of IBDs.
Materials and Methods
Stocks were raised on standard cornmeal-yeast agar medium at 25°C. Antibiotic treatment and lifespan experiments were performed as already described (19 Antibiotic Treatment of S2 Cells. Antibiotics medium was prepared by freshly adding 1 mL of a 100× stock of antibiotics in 50% ethanol per 100 mL of complete Schneider medium to a final concentration of 500 μg/mL ampicillin, 50 μg/mL tetracycline, and 200 μg/mL rifamycin. Cells were stimulated with 100 heat-killed E. coli per cell. The vehicle was used as a control. ), or Myd88 flies, 6 h after challenge for diptericin (B) and 24 h after challenge for drosomycin (C). Results are representative of three independent experiments. *P value < 0.05; **P value < 0.01; ***P value < 0.001. Fig. S6 . Statistical analysis of survival curves. Survival experiments described in this study were performed at least three times independently. Because log-rank analysis can only compare two survival curves at a time in the same experiment, we decided, as previously reported (6) , to compute the median lethal time 50 (LT 50 ) and perform statistical analysis on LT 50 using Student's t test. Oral infection experiments were performed with S. marcescens DB11 (A and B) or with P. aeruginosa PA14 (C and D). * P value < 0.05; ** P value < 0.01; *** P value < 0.001.
